The aims of this study were: (i) to quantify near-infrared optical properties of normal cervical tissues and high-grade squamous intra-epithelial lesions (H-SIL); (ii) to assess the feasibility of differentiating normal cervical tissues from H-SIL on the basis of these properties; and (iii) to determine how cervical tissue optical properties change following photodynamic therapy ( 
Introduction
The combination of modern screening methods with increas¬ ingly effective treatment modalities has led to a dramatic reduction in mortality due to cervical cancer over the past five decades. In the USA, however, 15 700 new cervical cancer cases were diagnosed and 4900 succumbed to their disease in 1996 (Parker et al., 1996) . Despite the significant decline in the incidence and mortality of invasive cervical cancer, there has been an increase in the incidence of cervical intra-epithelial neoplasia (CIN), reflecting both improved screening and detec-2908 tion methods and a true increase in the incidence of precancerous lesions of the cervix (Wright et al, 1995) . CIN terminology divides cervical cancer precursors into three groups: CIN I, II, III corresponding to mild, moderate and severe (carcinoma in situ) dysplasia (Wright etal., 1995) . Lowgrade squamous intra-epithelial lesions (L-SIL) correspond to CIN I and high-grade SIL (H-SIL) to CIN II and CIN III (Wright et al , 1995) . It is estimated that the mortality from cervical cancer will rise by 20% in the next decade unless improvements are made in current screening and detection techniques (Beral and Booth, 1996) .
Current screening techniques for CIN and invasive cervical cancer include the single or combined use of exfoliative cytology (Papanicolaou smear) and colposcopy (i.e. the examination of reflected light from the uterine cervix and the adjacent tissues using a low-magnification microscope) (Ferenczy et al., 1988; Ramanujam et al., 1994a) . A false negative Papanicolaou smear error rate of 15-55% is associated with insufficient sampling and reading error (Gay et al., 1985; Van Le et al., 1993; Kierkegaard, et al., 1994) . Diagnostic accuracy of colposcopic impression in patients with abnormal cervical cytology ranges from 37.5 to 89.9%, while underdiagnosis of microinvasive disease of up to 100% has been reported (Hopman et al., 1995) . Hence, there is a strong need for additional diagnostics that could become rapid, 'online' procedures implemented by physicians and nurse practitioners. Overall, this would facilitate more sensitive and cost-effective screening and follow-up of pre-malignant cervical lesions.
In an attempt to fulfil this need, various techniques, such as cervicography (Coibion et al., 1994; Allen et al., 1995) and speculoscopy (Mann et al., 1993; Massad et al., 1993 , Lonky et al., 1995 have been developed to visualize benign, premalignant and malignant cervical tissues. Qualitative methods such as cervicography (Coibion et al., 1994; Allen et al., 1995) and speculoscopy (Mann et al., 1993; Massad et al., 1993; Lonky et al., 1995) are readily adaptable to existing standard-of-care instruments. However, these approaches are unlikely to be sufficiently sensitive to the subtle tissue architectural changes characteristic of H-SIL. Consequently, several promising new techniques which provide quantitative measures of intrinsic differences between normal and abnormal cervical tissue have emerged. These include digital image colposcopy (Shafi et al., 1994; Chenoy et al., 1996) , polarography (Schneider and Zahm, 1996) , fluorescence spectroscopy (Mahadevan et al., 1993; Ramanujam etal., 1994a Ramanujam etal., ,b, 1996 and optical coherence tomography (Sergeev etal., 1997) .
All of these approaches provide new information regarding tissue function and are in various stages of clinical investig¬ ation. With the exception of polarography, each is fundament¬ ally sensitive to intrinsic tissue optical properties. As a result, in this work, we report a series of spectroscopic studies designed to quantify the optical properties of cervical tissue in vivo. Our goal was to investigate whether the intrinsic optical property differences were detectable under broadly different physiological states. It is expected that this inform¬ ation will help optimize strategies, which rely on optical contrast for identifying and treating dysplasias since the performance of any optical method is ultimately linked to the distribution of endogenous absorbers and scatterers in the cervical stroma/epithelium.
Visible and near-infrared (NIR) diffuse reflectance spectroscopy is typically used to (non-invasively) characterize optical properties of thick tissues in vivo (Patterson et al, 1993) . Optical properties can be defined quantitatively in terms of absorption and effective scattering parameters, |m a and |m' s respectively. These coefficients are, in turn, sensitive to the tissue concentration of light-absorbing molecules and light scattering structures. The primary tissue contributors to NIR light absorption are generally assumed to be haemoglobin [Hb both oxy-(HbO 2 ) and deoxy-forms], water, fat, cytochromes (cyt), and melanin (Cope, 1991) . Light scatterers are tissue structural elements that have a dimension comparable to the optical wavelength (e.g. ~0.6-1 mm), such as cellular components and fibrous materials in the extracellular matrix (e.g. collagen/elastin).
The sensitivity of optical properties to tissue structure and function suggests that differences between normal and diseased tissues may provide a means for assessing the probability that processes such as malignant transformation, inflammation, or infection are occurring. Indeed, previous studies have shown unique scattering and/or absorption signatures associated with dysplastic (Bigio and Mourant, 1997; Perelman et al., 1998) , malignant and benign (Tromberg et al., 1997) tissue transformations. Elastic light scattering (Mourant et al., 1995; Bigio and Mourant, 1997) and fluorescence (Mahadevan et al., 1993; Ramanujam et al., 1994a Ramanujam et al., ,b, 1996 Richards-Kortum, et al., 1994) have shown particular promise in their ability to distinguish between cervical structures. Fluorescence has been studied most extensively, and results suggest that quantitative optical property measurements could provide complementary information that would enhance our understanding both of fluorescence data and the transform¬ ation process.
Frequency-domain photon migration (FDPM) is a spectroscopic technique capable of quantifying absolute tissue |m a and m' s values. The determination of |m a and |m' s at a minimum of three different wavelengths provides a means for quantitative estimation of tissue Hb, HbO2 and H2O concentration (Cope, 1991) . The instrumentation and theoretical background for FDPM have been described elsewhere Chance et al., 1998) . FDPM-derived optical properties and physiological parameters may be used in a variety oftherapeutic and diagnostic settings, including imaging tissue structure and function, monitoring therapy-induced changes of physiology and predicting optical dosimetry for laser based procedures (such as photodynamic therapy).
In previous work, we demonstrated that optical and physiological properties can be measured using FDPM techniques in vivo and in model systems (Tromberg et al., 1993 (Tromberg et al., , 1996 Fishkin et al., 1997) . The present study was designed to determine the sensitivity of FDPM to | a and | s changes in tissues containing small, pre-malignant lesions (H-SIL). From these measurements, a better definition of emerging relation¬ ships between optical properties and tissue physiological status was attempted. In addition, a description was given of tissue property changes that may occur following a non-invasive photomedical treatment for selective destruction of H-SIL, photodynamic therapy (PDT) (Henderson and Dougherty, 1992; Monk et al., 1997) . Although substantial progress has been made in identifying how PDT parameters, e.g. drug dose, drug-light-interval and light dose, could be optimized to produce a tissue-specific effect (Foster et al., 1991; Singh et al., 1991; Foster and Gao, 1992; Sharkey et al., 1993) , new methods which dynamically report tissue structural and functional changes are likely to be useful in optimizing treatment efficacy. This appears to be the first clinical study which attempts to measure non-invasively and quantitatively the optical and physiological properties of normal and dysplastic cervical tissue prior to and following PDT.
Materials and methods

Patients
A total of 10 patients were included in the study after written informed consent was obtained. The study was approved by the Human Subject Review Committee of the University of California, USA (IRB#95-567). Patients were referred to our laser clinic with histologically proven H-SIL for treatment of the lesion by means of PDT. Average age was 28 ± 9 years (mean ± SD), nine patients were premenopausal, one patient was post-menopausal. Measurements on normal and dysplastic tissues were performed on all 10 patients. The optical properties of seven patients were monitored prior, during and after PDT.
FDPM instruments
A portable, multi-wavelength, high-bandwidth, FDPM instrument was used to perform all the measurements. The instrument is described in detail elsewhere (Madsen et al., 1994a; Tromberg et al., 1996; Fishkin et al., 1997) . Briefly, in FDPM the intensity of light incident on an optically turbid sample is modulated at high frequencies, and the diffusely reflected or transmitted signal is measured with a phase¬ sensitive detection system. Sinusoidally intensity-modulated light propagates through multiple-scattering media with a coherent front, forming photon density waves (PDW) (Fishkin and Gratton, 1991; Tromberg et al., 1993) . Wave dispersion is highly dependent on the optical properties of the medium. Thus, measurements of the fre¬ quency-or distance-dependent phase and amplitude of PDW can be used to derive scattering (|m' s ) and absorption (|m a ) coefficients in a single measurement. Our FDPM instrument (Figure 1 ) produces 300 kHz to 1 GHz PDWs in optically turbid media using a network analyser (2) (HP8753C, Hewlett-Packard, Santa Rosa, CA, USA), an avalanche photodiode detector (11) (APD Module C5658; Hamamatsu Corporation Bridgewater, NJ, USA) and four intensity-modulated diode lasers (6) (wavelengths of 674, 811, 849 and 956 nm; PD050-OM; Ortel Corporation, Alhambra, CA, USA). The frequency depend¬ ence of PDW phase and amplitude was measured and compared to analytically derived model functions in order to calculate |m a and |m' s (2), bias network (3), dc bias current (4), temperature control (5), four different diode lasers (6) (674 nm, 811 nm, 849 nm, 956 nm), optical fibre for light source (7), lasing tip (8), detecting tip (9), optical fibre for signal detection (10), avalanche photodiode (11), and dc power supply (12). The cervical probe consists of a dilation and curettage (D&C) curette (13) with a modified Y-shaped end instead of the cutting end. The optical fibres (7, 10) were attached to each of the two 9.4 mm separated Y-tips. One fibre was coupled to the laser source and the other fibre was coupled to the light detector. The tip of each of the optical fibres was sealed in transparent resin to one of the Y-tips of the modified D&C curette, and a portion of the length of the fibres was bound together with the length of the curette using a heat shrink plastic tubing. The curette was slightly bent allowing good visualization of the tips during placement of the probe on the cervix (14), shown with high grade squamous intra-epithelial lesions (H-SIL).
parameters. The wavelength-dependence of absorption was used to determine tissue Hb-, HbO 2 and total haemoglobin (TotHb) concentrations, haemoglobin oxygen saturation (%SO 2 ) and H 2 Oconcentration. Based on the assumption that the chromophores con¬ tributing to | a in human tissues are principally Hb, HbO 2 and H 2 O, the concentration of each of the three components in the tissue was determined from the FDPM measurements of | a at the three different wavelengths. A system of three equations was used to calculate the three unknowns .
The FDPM cervical probe designed for the present study is diagrammatically presented (Figure 1 ). It was based on a dilation and curettage (D&C) curette (13) with a modified Y-shaped end. The curette was slightly bent allowing good visualization of the tips during placement of the probe. An optical fibre (7, 10) was attached to each of the two 9.4 mm separated Y-tips. One fibre was coupled to the laser source (6) and the other fibre was coupled to the light detector (11). The tip of each of the optical fibres was sealed in transparent epoxy resin to Y-tips of the modified D&C curette, and a portion of the length of the fibres was bound together with the length of the curette using a heat shrink plastic tubing. Prior to and following each use the probe was sterilized in glutaraldehyde (Cydex plus; Johnson & Johnson Medical Inc, Arlington, TX, USA).
Procedure
Prior to any procedure all patients underwent a routine gynaecological check-up in our clinic, including pelvic examination and a thorough colposcopy with application of 5% acetic acid and photo-document¬ ation of the ectocervix performed by an experienced gynaecologist. The ectocervical H-SIL of each patient, previously diagnosed and biopsied by the referring physician, was identified and the probe was placed in a way that the source fibre touched the cervix directly on the centre of the H-SIL and the detection fibre touched the tissue radially towards the outer cervical margin. Gentle pressure was used to ensure a good probe-cervix contact. FDPM measurements were performed on the lesion and repeated with and without replacement of the probe (two measurements in each case). Subsequently an area of colposcopically normal cervical tissue was chosen and FDPM measurements were repeated, this time with both source and detector fibres entirely in contact with the normal cervical tissue.
After the initial FDPM measurements were performed on the cervical lesions and the normal cervical tissue, PDT was initiated in two steps. Firstly, crystallized 5-aminolevulinic acid (ALA) (DUSA Pharmaceuticals, Denville, NJ, USA) was dissolved in Hyskon (Pharmacia, Piscataway, NJ, USA) to a concentration of 200 mg/ml and was buffered to pH 6 with 10 N sodium hydroxide. According to the estimated size of the cervix a cervical cap (25-31 mm) was chosen and filled with 6-12 ml of ALA/Hyskon. The cap was placed similarly to a contraceptive cervical cap. After 90 min, when a sufficient amount of ALA was expected to be converted to the active photosensitizer PpIX (unpublished data), the cap was removed and the cervix was cleaned with gauze. FDPM measurements were then repeated on exactly the same locations as prior to the ALA application. Secondly, by means of a specially designed PDT speculum connected to a laser fibre, laser light (635 nm) generated from an argon-pumped dye laser (Innova 100; Coherent Model 599, Palo Alto, CA, USA) was applied to the lesions. Two patients were treated with 75 J/cm 2 , three patients with 100 J/cm 2 , and two patients with 125 J/cm 2 . The FDPM measurements were repeated 3 min after completing the PDT illumination. The probe was placed in the same position as in all previous measurements.
Data analysis
Average |m a and |m' s values were obtained from three single measurements (with and without replacement of the probe) at a given cervical location (either normal cervical tissue or H-SIL) and at a given time (either prior to ALA application, after ALA application, or 3 min after PDT illumination). Normal values obtained from 10 patients are presented as mean ± SD. Data comparing different types of tissues (i.e. normal versus H-SIL, or CIN II versus CIN III) or data comparing lesions prior and after treatments (i.e. prior versus after application of ALA, prior versus. after PDT illumination) are presented as follows: the optical property ratios from 'H-SIL/normal' or 'treated/ untreated' were calculated for every patient. Ratios for every group were averaged and values presented as mean ± SD. This approach of using ratios allowed us to visualize baseline variability between patients and to quickly overview changes induced by the dysplasia or the treatment (Figures 3-6 ). However, in order to determine whether these changes were statistically significant, Student's t-test (paired or unpaired, as appropriate) was performed using raw optical or physiological data (actual | a , |' s , and physiological concentration values, not ratios). This comparison allowed us to account for the variability of normal cervical tissues between patients and to address whether optical property changes induced by H-SIL and PDT treatment were significantly different from the expected range of normal values (Table III) . P < 0.05 was considered to be significant, and P < 0.005 as highly significant. , O) . Experimental data were collected at a source-detector separation of 9.45 mm. Phase and amplitude data were simultaneously fit to the semi-infinite, diffusion model functions using the Levenberg-Marquardt non-linear least square algorithm (see text). Plot (a) phase (degree) and (b) amplitude (amplitude ratio = signal power/source power) data for 674 nm. Typical % 2 values of simultaneous fits ranged from 2 to 6 per degree of freedom (df).
Results
The absolute absorption (|m a ) and scattering (|m' s ) of normal cervical tissue were determined for four wavelengths (674, 811, 849 and 956 nm), prior to photosensitizer application. Figure 2 shows a typical example of 674 nm FDPM experimental and fitted data from H-SIL and normal cervical tissues. FDPM phase (Figure 2a ) and amplitude (Figure 2b ) measure¬ ments were simultaneously fit to the semi-infinite, diffusion model functions using the Levenberg-Marquardt non-linear least squares algorithm (Spott et al., 1999) .
Mean values and SE for |m a and |m' s of normal and high¬ grade (CIN II and III) dysplastic cervical tissue not exposed to photosensitizer or PDT illumination are listed for every wavelength separately in Table I . These values can be summar¬ ized as: (i) the range of optical properties for normal and increasing grades of H-SIL; and (ii) the extent of overlap between normal and dysplastic cervical tissues. Physiological parameters were calculated from these values and summarized in as mean values ± SD of relative scattering, which allows for easy visualization of changes in properties induced by CIN since a relative scattering = 1 indicates no differences between lesions and normal tissues. Light scattering at CIN III sites was significantly higher than light scattering at CIN II and normal sites (see Table III Figure 5 . The wavelength dependent relative light absorption (relative absorption = |i a after PDT/|i a untreated) of high-grade squamous intra-epithelial lesions (H-SIL) was measured in seven patients prior to (untreated) and after photodynamic therapy (PDT).
The ratio allows for a quick overview of changes in optical properties induced by PDT since a ratio of 1 indicated no difference between treated and untreated. Data are presented as mean values ± SD. Statistical significance was determined using paired Student's t-test (n = 7) to compare raw |m a values preversus post-PDT at 674, 811, 849, and 956 nm. Results yield P = 0.0104, 0.0073, 0.0009, and 0.0156 respectively, indicating that PDT causes absorption to increase at all measured wavelengths.
[HbO 2 ], [TotHb], %SO 2 , and %H 2 O for normal cervical tissues versus H-SIL gave P = 0.2365, 0.0012, 0.0022, 0.0786, and 0.0534 respectively. H-SIL sites had significantly (P < 0.05) lower total haemoglobin (88.6 ± 35.8 |mmol/l) and oxygenated haemoglobin (73.4 ± 32.6 |mmol/l) values compared with normal regions. % SO 2 value (76.5 ± 14.7%) of H-SIL was lower than normal regions, but the difference was not statistically significant. Figure 3 displays wavelength-dependent relative light absorption of normal cervical tissues and H-SIL (| a H-SIL/ | a normal). Light absorption in H-SIL was clearly lower than in normal cervical tissues. The reduced light absorption in high-grade dysplastic tissues was seen at all four wavelengths. This suggests that the volume-fraction of blood-perfused tissue was reduced in H-SIL relative to the normal cervical regions (based on the assumption that haemoglobin is the principal absorber at the measured wavelengths). Figure 4 shows that the light scattering parameter (|rn' s ) was, in general, lower for H-SIL than normal cervical tissues. Differences in |rn' s for normal cervical tissues versus CIN III were more pronounced than for normal versus CIN II. Figure 5 shows the wavelengthdependent relative light absorption (| a after PDT/| a untreated) of seven cervical dysplasias treated with PDT. | a increased by ~40% following PDT and mean values were significantly different from untreated dysplastic sites at all four wavelengths (P < 0.05). Despite dramatic changes in | a, there were no detectable variations in tissue scattering (| 's) after PDT. Figure  6 displays . b Paired Student s t-test for normal tissues versus H-SIL (n = 10) was used. Hb = deoxygenated haemoglobin; HbO 2 = oxygenated haemoglobin; TotHb = total haemoglobin; %SO 2 = oxygen saturation. Figure 7 as a function of the optical dose (J/cm 2 ). Although only a small number of patients was studied in each group (n = 2 for 75 J/cm 2 , n = 3 for 100 J/cm 2 , n = 2 for 125 J/cm 2 ) the dose-dependent tissue reaction can be seen. Increasing the optical dose for PDT elevates all three of these physiological parameters. No significant changes in tissue %SO2 values were observed post-PDT.
Discussion
The reduction of mortality from cervical cancer during the last 50 years is generally attributed to advances in cytological screening. Yet a substantial number of women are still dying of cervical cancer in countries in which cytological screening is well-established (Schneider and Zahm, 1996) . As well as the increasing incidence of cervical neoplasias and possible insufficient compliance with the screening programme, false negative rates for Papanicolaou smears range from 15 to 55% (Gay et al., 1985) and are as high as 65% for pre-invasive disease (Pairwuti, 1991) . Detection of pre-invasive or early invasive disease can be improved by higher reliability of cytology as well as by development of additional screening technology.
NIR photon migration spectroscopy has been developed experimentally and clinically for non-invasive monitoring of tumours and normal tissue physiology (De Blasi et al., 1993; Gratton et al., 1995; Pollard et al., 1996; Fishkin et al., 1997; Tromberg et al., 1997) . Photon migration in highly scattering tissues gives optical pathlengths that are dependent upon absorption and scattering parameters (|m a and |m' s ). Separation and quantification of these parameters can be used to calculate the concentration of principal tissue absorbers in the red and NIR spectral region (i.e. haemoglobin and water) . Substantial interest has been generated in the use of optical techniques for locating, identifying and monitoring malignant transformations Tromberg et al., 1997; Fantini et al., 1998) . Although few attempts have been made to investigate the capability of NIR spectroscopy to detect precancerous lesions on the uterine cervix, other optical methods, such as fluorescence spectroscopy, appear to have substantial promise in this area. Since FDPM is a quantitative optical method, it may provide insight into the complex relationships between optical and physiological properties that form the basis of any successful cervical 'optical biopsy.'
Here, the in-vivo measurements of light absorption (| a ) and scattering (|m' s ) parameters for normal and high-grade dysplastic cervical tissues are reported. Our normal cervical tissue results are in excellent agreement with the data from other authors (Madsen etal., 1994b) who determined ex-vivo optical properties of uterine tissue at 635 nm. These data provide a baseline measure of normal tissue properties and made it possible to evaluate the impact of pathology (H-SIL) and therapeutic treatments (PDT).
All four optical wavelengths employed in their study showed substantially lower light absorption in H-SIL than in normal cervical tissue. Differences in | a between normal and H-SIL sites can be understood in terms of cervical physiology. Normal cervix consists of a 0.5 mm thick (Coleman and Evans, 1988) non-keratinized squamous epithelium with underlying connective tissue. The dimensions of CIN most likely increase by cellular proliferation, which is strongly correlated with the mitotic activity and severity of CIN. Abdul-Karim found a mean maximal depth of 0.93 mm for CIN II and a mean maximal depth of 1.35 mm for CIN III (Abdul-Karim et al., 1982) . Thus, on top of a vascularized stroma, the dysplastic growth adds a layer of non-vascularized tissue up to three times thicker than the original normal epithelial layer. Hence, in the H-SIL region, less light can be absorbed by haemoglobin per unit volume of optically probed cervical tissue. Con¬ sequently, the measurements of [TotHb] in H-SIL sites were significantly lower than normal (88.6 ± 35.8 versus 124.7 ± 22.6 mmol/l). %SO 2 values were also lower in H-SIL (76.5 ± 14.7 versus 84.9 ± 3.4%) due to the fact that oxygen extraction in lesion-containing tissues is greater than in normal tissues. This effect can be understood in terms of the enhanced metabolic requirements of dysplastic cells as well as the increased oxygen extraction that typically accompanies low blood-volume flow (i.e. low [TotHb] ) regions. In normal, high volume flow rate cervix, oxygen extraction demands are less and, as a result, [TotHb] and %SO 2 are high (124.7 ± 22.6 |mol/l and 84.9 ± 3.4% respectively). Table III and Figure 4 results also show significant differ¬ ences between grades of dysplasia. Although only a limited number of moderate and severe dysplasias were investigated, CIN II and CIN III seem to have a specific pattern of optical properties. Both CIN II and CIN III showed reduced light absorption relative to normal cervical tissue and mean CIN III absorption was less than CIN II.
Interestingly, there were no significant differences between CIN II light scattering parameters (|' s ) and normal tissues, while CIN III exhibited substantially lower scattering at all four wavelengths (than in normal tissues). If light scattering within cervix is dominated by stromal collagen, as it is for skin (i.e. dermal connective tissue) (Anderson and Parrish, 1982) , the reduced |'s values from dysplastic cervical tissue may be explained in a similar way as absorption effects. Here, the thickened H-SIL leads to a shift of the epidermis/stromal fraction in favour of the epithelium. Hence the sub-epithelial structures (i.e. the collagen fibres) underlying a high-grade dysplasia would contribute less to the total light scattering.
Despite this view, the precise origin of light signals remitted from complex tissues is not well understood. Previous work has shown that for probes employing large source-detector separations (e.g. >2 cm), FDPM measurements are insensitive to optical properties of superficial layers (e.g. <4 mm) . Because a cervical probe with a relatively small source-detector separation (9.4 mm) was employed, it is likely that our mean depth sensitivity is ~3 mm (B.J.Tromberg, unpublished data). Although measurements in this geometry are likely to be influenced by upper layer epithelial changes, it is beyond the scope of this work to fully characterize the relative contributions of epithelial and stromal layers to the total signal. Thus, two alternative explanations of signal origin can be posulated. First, if superficial layer contributions range from minor to negligible, then the decreased and rn' s values principally reflect H-SIL stromal changes. Presumably, these optical properties follow from reductions in collagen and blood content averaged over the entire volume of cervical tissue probed. Second, model fits to FDPM data assume the medium to be semi-infinite and homogeneous. In reality, the presence of H-SIL appears to introduce a welldefined upper cervical layer. Depending on the thickness and optical property contrast of this structure, data fits to the homogeneous photon diffusion model could yield inaccuracies in the recovered optical properties. Nevertheless, the impact of H-SIL and PDT on the measurements (both raw data and calculated parameters) was clear. The appearance, progression, and treatment of cervical disease perturbed normal tissue optical properties. These results were easily detected despite inter-patient variability and can be explained in terms of understandable physiology.
Cervical examination by means of FDPM offers not only the possibility of quantitative diagnosis of pre-malignant disease, it also provides information about tissue optics and PDT-induced tissue reactions. Treatment of cervical pathology employing laser light, such as carbon dioxide laser-vaporization, is routinely used to eradicate diseased cervical tissues (Bekassy, 1997) . The patients of the present study underwent a novel laser based treatment modality, PDT (Muroya et al., 1996; Monk et al., 1997) . The results show that FDPM is sensitive to PDT-induced hyperaemia and oedema in a light dosedependent fashion (Figure 7 ). This observation is consistent with previous studies that describe a combination of processes including vessel stasis, permeability alterations, and haemor¬ rhage following PDT (Orenstein et al., 1990; Fingar et al., 1997) . Interestingly, tissue scattering changes were not detect¬ able acutely following irradiation, suggesting no major shortterm alterations to structural matrix. In addition, no changes in absorption were detected following ALA application due to the fact that the concentration of PpIX (the photo-active metabolite of ALA) in H-SIL exhibits negligible absorption (at 674, 811, 849, 956 nm) compared with other tissue chromophores. However, using other photosensitizers with different absorption peaks or employing additional FDPM wavelengths may allow for direct monitoring of cervical drug uptake. Overall, the treatment-induced tissue response suggests that quantitative optical monitoring strategies may be useful in optimizing PDT efficacy. However, substantial work remains to be carried out to relate time-dependent tissue optical changes with clinical outcome.
In conclusion, the present work has assessed the capability of frequency domain photon migration to characterize normal and high-grade dysplastic cervical tissues based on their optical properties. We have shown that normal cervical tissues can be distinguished from H-SIL and PDT-treated sites, based on both absorption and scattering contrast. Optical property changes can be explained in terms of reasonable structural and functional changes that occur during dysplastic disease progression. However, the precise origin of the measured decrease in absorption and scattering signals is not well understood. Further improvements in FDPM instrumentation and computational models are expected to improve the sensitivity, specificity, and accuracy of optical property measurements in heterogeneous layered structures. Eventually, it is expected that these and related technological advances will stimulate the development of practical quantitative 'optical biopsy approaches to cervical diagnostics. Finally, since both absorption and scattering para¬ meters are recorded, other possible applications include monitoring processes that involve perfusion and matrix changes, such as cervical ripening during pregnancy and the effects of hormone therapy.
